heart rate; multiple sleep latency test; human male ACROSS A WIDE RANGE of experimental situations, changes in core body temperature have been consistently associated with inverse changes in sleep propensity (24) . This association is highlighted by the differential changes in body temperature resulting from the administration of either sedative/hypnotics or alerting agents. In the case of somnogenic agents such as melatonin (1, 6) , adenosine (21, 23) , adenosine agonists (23) , and benzodiazepines (7, 17) , an extensive body of evidence has demonstrated that these agents increase sleepiness while decreasing core body temperature. In contrast, agents such as caffeine, amphetamines, nicotine, and cocaine decrease sleepiness and increase body temperature (11) . More recently, the timing of maximum sleep propensity has been significantly correlated with the maximum rate of decline in core temperature after the daytime administration of both melatonin and temazepam (8) . In addition, another study revealed that the time taken to reach normal nocturnal sleep onset may be related to the degree of peripheral heat loss (13) . In light of the apparent robustness of the relationship between sleep propensity and body temperatures, it has been suggested that the thermoregulatory system may be functionally involved in the soporific effect of sedative/hypnotic drugs (2, 5, 8, 13) .
If this is the case, then it is possible that a change in the soporific efficacy of these agents might be accompanied by a concomitant alteration in their thermoregulatory effects. One way of testing this hypothesis is to determine if any changes in thermoregulation occur after the development of tolerance to a sedative/hypnotic drug. In the normal course of sedative/hypnotic drug treatment, a gradual, relative reduction in therapeutic efficacy is a common side effect. Such a reduction in efficacy is generally known as tolerance. In human subjects, tolerance to temazepam, one of the most commonly prescribed sleeping medications in Australia, has been observed after daily administration for ϳ1 wk (20) . Tolerance to doses of 30-40 mg have been characterized by a decrease in the total sleep time and an increase in the latency to sleep onset (10, 20) . However, as yet, to our knowledge no study has measured the thermoregulatory changes accompanying chronic temazepam use. By determining whether the relationship normally seen between sleep propensity and thermoregulatory outputs in normal subjects is altered in temazepam-tolerant subjects, it is hoped that our understanding of the underlying physiological processes involved in the soporific effects of sedative/ hypnotic agents may be increased. Therefore, the present study aims to compare the thermoregulatory and soporific effects of daytime temazepam in subjects before and after the evening administration of this agent for 7 consecutive days.
METHODS

Subjects.
Twelve young healthy male subjects aged between 18 and 27 (mean Ϯ SE ϭ 23.1 Ϯ 1.1) yr were to attend the laboratory on two nonconsecutive 24-h sessions from 2100 to 2100 the following evening to perform the "experimental daytime protocols" (Fig. 1A) . Unfortunately, one subject participated in the first two 24-h sessions only and withdrew because of illness unrelated to the drug treatment. This patient's data are excluded from all analyses. The remaining 11 subjects also slept at the laboratory for 7 consecutive evenings immediately followed by a whole day at the laboratory on the 8th day on two separate occasions for the "week-long evening protocols" (Fig. 1B) . Both experimental daytime protocols were separated by no less than 24 h and no more than 7 days for each subject, whereas both week-long protocols were separated by no less than 14 days and were completed within 30 days for each subject. Potential subjects were screened for current medical conditions, sleep disorders, and irregular sleep/wake schedules using a general health questionnaire and a 2-wk sleep diary. In between each experimental session, subjects were instructed to maintain a regular sleep schedule but otherwise could sleep when they desired. Subjects were excluded on the basis of existing medical illness or the use of drugs known to affect sleep or thermoregulation. Subjects gave written informed consent to participate in the present study. The present study was approved by The Queen Elizabeth Hospital Human Ethics Committee and was performed according to the Declaration of Helsinki.
Experimental daytime protocol. Subjects abstained from caffeine, alcohol, and medications for 24 h before and during the experimental procedure. As alcohol is a potentially dangerous contraindication for temazepam use, blood alcohol concentrations (BAC) were measured in all subjects on arrival in the laboratory. BAC were estimated using a standard calibrated breathalyzer (Lion Alcolmeter S-D2, Wales), accurate to 0.005% BAC. All subjects recorded a 0.0% BAC.
For the overnight sleep in the laboratory, subjects were allowed to self-select the time of lights out, which was no later than midnight for any subject. At 0700 the following morning, subjects were woken and permitted to shower as well as eat a light breakfast before having the following electrodes attached. Each subject was fitted with a conventional montage of polysomnographic electrodes attached to the face and scalp (C4-A2, O1-A1, outer canthi electrooculogram, submental electromyogram) and connected to a Medilog MPA-2 (Oxford Medical Limited, Oxton, UK). Temperature thermistors were placed at three body sites; left and right foot (499B, Sub-Zero Products, Cincinnati, OH) and rectal (Steri-Probe 491B, Cincinnati Sub-Zero Products) temperatures were recorded. Foot thermistors were placed on the arch of the foot sole and attached with Micropore surgical adhesive tape (3M). Rectal thermistors were self-inserted 10 cm into the rectum. An additional thermistor was placed on the head of the bed at the level of the mattress to record ambient temperature. All thermistors were connected to a custom temperature system (Strawberry Tree), which took samples every second and averaged each input into 30-s "bins." For the duration of the experimental protocol, the entire laboratory was thermostatically maintained at 25°C by a Daiken FDY100B/RY100 air conditioner (Raymol, Woodville, Australia). The ambient temperature thermistors verified that the temperature at the level of the mattresses in all bedrooms was maintained between 24 and 26°C at all times. To further minimize intersubject and interconditional variations in thermoregulation, all subjects were instructed to wear light cotton shorts and t-shirts. In addition, both feet were covered with a light cotton sheet at all times.
From 0900 until 2030 (excluding multiple sleep latency tests), subjects lay in the supine position and were permitted to read or watch television. At 1400, either 30 mg of temazepam or placebo (1 g of glucose) was administered orally in a double-blind, counterbalanced design (Fig. 1) . A light lunch, which did not contain hot food, was provided at 1530.
Week-long experimental protocol. For each subject, the first two experimental daytime protocols were followed by 7 consecutive days of either temazepam (30 mg) or placebo (1 g of glucose) administered orally at 2330 in a double-blind counterbalanced design (Fig. 1B) . The aim of this week of temazepam administration was to facilitate the development of tolerance to the treatment agent. On the day immediately after the 7th night, the identical procedure performed in the day of the experimental daytime protocols was conducted to determine the effects that the week-long treatment had on sleep propensity and thermoregulation.
Measurement of objective sleep propensity. Sleep propensity was assessed hourly from 1100 to 2000 using the Multiple Sleep Latency Test (MSLT; adapted from Ref. 3) . In an environment conducive to sleep (i.e., dark and quiet), subjects were instructed to lie still on their backs, close their eyes, and attempt to fall asleep. The instructions were re- Fig. 1 . A: 2 24-h experimental daytime protocols. Subjects slept overnight in the laboratory where, on the following day, rectal and foot temperatures (T c and T ft , respectively) were recorded continuously while subjects lay supine in bed. Sleep onset latency was measured hourly from 1100 to 2000, and either placebo (1 g glucose) or 30 mg temazepam was administered orally at 1400 in a doubleblind, counterbalanced fashion. B: 2 1-wk-long experimental protocols. Subjects slept at the laboratory for 7 consecutive nights where temazepam (30 mg) or placebo (1 g glucose) was given at 2330. Administration of these 2 agents was double-blind and counterbalanced. On the day immediately after the 7th night, T c and T ft were recorded continuously while subjects lay supine in bed. Sleep onset latency was measured hourly from 1100 to 2000, and 30 mg temazepam was administered orally at 1400. MSLT, Multiple Sleep Latency Test. peated for each subject, every test. Subjects were woken after they remained in stage 2 sleep for three consecutive, 30-s epochs (as measured via PSG). If the subject did not fall asleep after 20 min, the sleep latency was recorded as 20 min and the test was terminated.
Assessment of cardiac variables. Disposable, pregelled, Ag/ AgCl electrocardiogram (ECG) spot electrodes (Meditrace 200, Graphic Controls) were attached to the torso in six positions. These included the jugular notch of the sternum, 4 cm under the left nipple, the right lateral side, the xiphoid process of the sternum, at the base of the neck over vertebrae C3/C4, and on the back over vertebrae T8/T9. All electrodes were attached to an Ambulatory Monitoring System (AMS 4.6, Vrije Universiteit, The Netherlands) that was secured on the bed, next to the subject. The AMS detected the ECG signal from the three electrodes positioned at the jugular notch of the sternum, 4 cm under the left nipple, and on the right lateral side (ground). This signal was recorded with an amplifier with a time constant of 0.3 s and 1-MW input impedance and through a band-pass filter of 17 Hz. Each R peak was detected with a level detector with automatic level adjustment (22) , and a millisecond counter was read and reset to obtain the interbeat intervals that were stored continuously. In this way heart rate was determined. The remaining electrodes were used to determine cardiac impedance (this data is not reported here).
Heart rate was recorded in this way in only five subjects. For the remaining six subjects, heart rate was determined automatically using a Medilog MPA-2 (Oxford Medical Limited). Standard ECG electrodes (Oxford disposable electrodes) were attached to the right upper chest and left lower rib cage and connected to a head box, which was, in turn, connected to the Medilog MPA-2.
Statistical analyses. To minimize random variability and to minimize interconditional differences in raw scores, heart rate, skin, and rectal temperature data were expressed relative to the time of drug administration and averaged into 30-min bins (15 min before and 15 min after each time bin). In addition, data from both feet were combined and averaged. Hourly sleep propensity was defined as the sleep onset latency to stage 1 (3 consecutive 30-s epochs in stage 1). Descriptive statistics were also expressed relative to placebo to minimize circadian masking.
For sleep onset latency (SOL), a single average value was also calculated for each condition. To obtain a single value for each subject, each hourly value after 1400 was averaged. These values were subsequently combined and then averaged. The resulting value was used as the mean SOL for each condition.
The thermoregulatory and soporific effects of the placebo and all three temazepam conditions reported in RESULTS were compared using a two-way within-groups (condition and time) repeated-measures ANOVA. The interaction effect was considered the most relevant because the 3-h period before administration (or baseline) was included in the above ANOVAs. As heart rate was recorded only during each MSLT trial in 6 of the 11 subjects, the mean heart rate value for this period was employed for statistical analysis. To determine times where significant differences between conditions occurred, planned means comparisons were conducted. All three temazepam conditions were compared separately with the placebo condition, and the temazepam conditions were also compared with each other. To account for possible violations in the covariance matrix resulting from large numbers of repeated measures, adjusted Greenhouse-Geisser (G-G) significance values were used to determine significance in the repeated-measures ANOVAs as well as the planned comparisons. For all variables, data are expressed as means Ϯ SE.
The temporal relationship between SOL and the two thermoregulatory variables, core temperature and foot temperature, was examined using Pearson's product-moment correlation coefficient (r). For these analyses, the minimum SOL for each subject was correlated separately with both the rectal temperature and foot temperature value that occurred at the time of this minimum SOL value. Core body temperature, foot temperature, and SOL (placebo Ϫ treatment for all variables) were expressed relative to the time of drug administration (1400). For core body temperature, both the magnitude of temperature change, as well as the maximum rate of decline (MROD) in temperature were used. The rate of core temperature change was obtained using the algorithm: dt2 Ϫ dt1/t2 Ϫ t1, where t is the time and dt is the data value at that time. Data are expressed as means Ϯ SE.
Intraindividual correlations were also obtained and were calculated for the pre-and posttolerant conditions separately. For each subject, the hour to hour (1500-2000) changes in SOL were correlated with the hourly changes in both thermoregulatory variables (core and foot temperatures) using Pearson's product-moment correlation coefficient. The temporal relationship between core and foot temperatures was also determined using these intraindividual correlations.
RESULTS
Pretolerant conditions. For all the measured variables, SOL, core body temperature, foot temperatures, and heart rate, planned comparisons revealed that values in both pretolerant conditions (referred to as "Temaz Placebo" and "Temaz" in Figs. 1-6) were not statistically (G-G Ͼ 0.05) different from each other at any time point. As can be seen in Fig. 1 , the MSLT treatment day was preceded by 7 consecutive evenings of a placebo treatment in the Temaz Placebo condition. Because of its similarity to the protocol for the tolerant condition ("Temaz Tolerant"), Temaz Placebo was considered the more appropriate control. Therefore, whereas both pretolerant conditions will be illustrated in Figs. 1-6, Temaz Placebo only will be referred to as the pretolerant condition in the following results and in the DISCUSSION. Raw baseline values for foot and core body temperatures. The raw core body temperatures at 1400 in all four conditions were quite similar, with mean temper- (1900-2000) . In the temazepam-tolerant condition, SOL was significantly (G-G Ͻ 0.05) shorter than placebo from 1500 to 1700 but was also significantly (G-G Ͻ 0.05) longer than the pretolerant condition from 1500 to 1800. SOL dropped sharply in the first hour after temazepam administration (1500) in all treatment conditions, with SOL before temazepam tolerance being maximally reduced 1 h later (1600) and 14.1 Ϯ 1.0 min shorter than placebo (see Fig. 2B ). In the temazepam-tolerant condition, the maximal reduction in SOL also occurred at 1600 but was only 8.6 Ϯ 1.5 min shorter than placebo (see Fig. 2B ). For the remaining 4 h, SOLs steadily increased and were equivalent to placebo by 1800.
The mean SOL before tolerance was 8.4 Ϯ 2.0 min shorter than placebo, whereas in the tolerant condition, the mean SOL was only 4.4 Ϯ 1.4 min shorter than placebo. As a result, the mean reduction in soporific efficacy as a result of temazepam tolerance was 4.0 Ϯ 0.8 min.
Core body temperature. The changes in core body temperature from 1100 to 2000 for all four experimental conditions are illustrated in Fig. 3 . Data are expressed relative to the time of treatment administration (1400) . [F(54,540) ϭ 8.48 ; G-G Ͻ 0.0001]. In the placebo condition, a gradual increase in relative core temperature was observed across the day, increasing 0.40 Ϯ 0.06°C in the 6 h after pill administration (see Fig. 3 ). In the pretolerant condition, core temperature remained significantly (G-G Ͻ 0.05) below placebo (from 1430 to 2000), with temperatures (relative to 1400 and to placebo) being reduced by 0.31 Ϯ 0.05°C 3 h after treatment administration (see Fig. 4 ). From 1700, core temperature paralleled the change in core temperature seen in the placebo condition (see Fig. 3 )
Although core temperature changes in the temazepam-tolerant condition were temporally similar to the core temperature changes observed in the pretolerant condition (see Fig. 3 ), planned comparisons revealed that core temperature, relative to placebo, was significantly (G-G Ͻ 0.05) attenuated compared with the pretolerant condition at all times after pill administration (see Fig. 4 ). Core temperature in the tolerant condition was, relative to placebo, maximally reduced at 1500 at which point core temperature reached Ϫ0.16°C Ϯ 0.03 (see Fig. 4) .
Foot temperatures. The changes in foot temperature for the 4 h before and 6 h after placebo and temazepam administration are illustrated in In the placebo condition, foot temperatures increased 2.32°C between 1600 and 1730 and then remained fairly consistent for the final 2.5 h but reached a maximum at 1800 of 2.48 Ϯ 0.79°C. Planned comparisons revealed that foot temperatures in the pretolerant condition remained significantly (G-G Ͻ 0.05) above placebo for the 6 h after temazepam administration with a maximum temperature, relative to placebo, of 3.39°C Ϯ 0.49. In the temazepam-tolerant condition, foot temperatures were significantly (G-G Ͻ 0.05) higher than placebo for the first 2 h only (1430-1630) but were significantly (G-G Ͻ 0.05) lower than the pretolerant condition from 1500 to 2000. The maximum temperature, relative to placebo, was 1.44°C Ϯ 0.38, which, similar to the pretolerant condition, occurred at 1530.
Heart rate. The changes in heart rate for placebo, temazepam-tolerant, and both pretolerant experimental conditions are illustrated in Fig. 6 . Although the main effect of time was significant [F(9,90) ϭ 18.9, G-G Ͻ 0.0001], the main effect of condition was not significant [F(3,10) ϭ 1.5, G-G Ͼ 0.05]. In addition, although the condition by time interaction gave a significant P value (P ϭ 0.03), the effect was nonsignificant after the G-G adjustment was made [F(27,270) ϭ 1.71, G-G ϭ 0.08]. However, a clear trend was observed in the tolerant condition (see Fig. 6 ) where, from 1600 to 1800, heart rate was an average of 6.2 beats/min above both placebo and pretolerant conditions.
Temporal relationship between core body temperature and foot temperatures. The temporal relationship between changes in core temperature and changes in foot temperature is illustrated in Fig. 4 . For both treatment conditions, there was a mean negative linear intraindividual relationship between the changes in core temperature and foot temperature after temazepam administration. For the first 3 h after administration, the mean correlation coefficient was Ϫ0.58 Ϯ 0.08 (means Ϯ SE) before tolerance and Ϫ0.48 Ϯ 0.08 in the tolerant condition. However, this relationship was reduced when all 6 h were analyzed with mean correlation values of 0.20 Ϯ 0.12 and 0.20 Ϯ 0.13 (for pre-and posttolerant conditions, respectively).
Temporal relationships between SOL and core body temperature. With both pre-and posttolerant conditions taken together, a significant (P Ͻ 0.05) linear relationship between minimum SOL and the associated "rate of core temperature decline" value was obtained with an r value of Ϫ0.44. The temporal association between sleep propensity and core body temperature was also calculated within each individual and is displayed in Table 1 . Before the development of tolerance, the intraindividual relationship between SOL and core temperature within each subject approximated a positive linear trend with a mean (ϮSE) r value of Ϫ0.25 Ϯ 0.11. A similar trend was found in tolerant subjects with a mean r value of Ϫ0.22 Ϯ 0.10. However, higher mean r values were obtained when sleep propensity was correlated with the MROD in core temperature with intraindividual correlations of Fig. 6 . Time course of the mean (ϮSE) changes in heart rate in response to placebo and a 30-mg temazepam dose before and after temazepam tolerance in 11 young males. Each condition is expressed relative to the time of acute temazepam administration (1400). Temporal relationships between SOL and foot temperatures. Combining both pre-and posttolerant conditions, a significant (P Ͻ 0.05) positive linear relationship was obtained between minimum SOL and the associated foot temperature magnitude with an r value of 0.48. In addition, the correlational analysis examining the intraindividual relationship between SOL and foot temperature magnitude also yielded a positive linear relationship with mean (ϮSE) r values of 0.60 Ϯ 0.07 and 0.58 Ϯ 0.06 for pre-and posttolerant conditions, respectively. These values for individual subjects are displayed in Table 1 .
DISCUSSION
In the present study, administration of a 30-mg dose of temazepam for 7 consecutive days was sufficient to produce a mild soporific tolerance in young healthy males. Notably, however, this reduction in soporific efficacy was accompanied by a significant and concomitant attenuation of core hypothermia as well as peripheral heat loss. Moreover, sleep propensity was significantly related to both foot temperature and the maximum rate of decline in core temperature both before and after temazepam tolerance. That is, despite the changes in SOL and core and foot temperatures that occurred after the development of temazepam tolerance, the relationships between these variables remained the same. These findings support the idea that the thermoregulatory system may be functionally involved in the regulation of sleep propensity.
The soporific efficacy of temazepam after 7 consecutive days of 30 mg of this agent was significantly attenuated by a mean value of 4.0 Ϯ 0.8 min relative to placebo. The magnitude of this attenuation was greater than reported in a previous study (20) , where a mean increase in SOL of 1.8 min was observed in young males after 8 consecutive days of an identical 30-mg temazepam dose. However, this discrepancy is likely to reflect the fact that, in the present study, the mean SOL included only the averages after 1400.
In the placebo condition, changes in foot temperature (used as an indirect measure of peripheral heat loss; see Ref. 15 ) reached a maximum of 2.5°C at 1830, revealing a clear circadian increase in heat loss. In the pretolerant condition, foot temperatures increased earlier (within 30 min of administration) and continued to increase until 1600 where temperatures paralleled, but remained higher than, the placebo condition. Although the mechanism by which temazepam may induce heat loss is not clear, it is thought that diazepam, a similar benzodiazepine, may act directly on peripheral receptors controlling vasodilation (5) . Because temazepam is a metabolite of diazepam, it is possible that temazepam-related heat loss may occur via a similar mechanism.
Although foot temperatures in the tolerant condition were initially increased above placebo, the degree of heat loss was always attenuated compared with that seen before the development of tolerance (see Fig. 4) . Similarly, the maximal reduction in core temperature in tolerant subjects (relative to placebo) was half that recorded before the development of tolerance (Ϫ0.16 Ϯ 0.03 vs. 0.31 Ϯ 0.05°C). This is the first study to demonstrate such a clear shift in thermoregulatory function associated with temazepam tolerance. More importantly, however, the attenuation in both these thermoregulatory variables occurred concomitantly with the reduction in soporific efficacy in the tolerant condition, highlighting the possibility that the thermoregulatory system may be functionally involved in the regulation of sleepiness.
This hypothesis was further supported by the fact that changes in foot temperatures were temporally associated with changes in sleepiness. A significant (P Ͻ 0.05) correlation of 0.48 was observed between sleep propensity and peripheral heat loss when both pre-and posttolerant conditions were combined. More importantly, mean intraindividual correlations between these variables before temazepam tolerance (r ϭ 0.60 Ϯ 0.07) were equivalent to the mean intraindividual correlations after tolerance (r ϭ 0.58 Ϯ 0.06). The slightly weaker relationship observed in the former correlation (0.48) is likely to reflect the masking effect of between-subject variability.
Interestingly, these results parallel those obtained by Krä uchi and colleagues (14) after an examination of the thermoregulatory and soporific changes after both evening melatonin administration and a carbohydraterich meal. Despite the fact that these treatments had different thermoregulatory effects, for all manipulations, SOL was always shorter when heat loss was greater. Moreover, the strength of the association between these variables is almost identical for both studies [0.47 vs. 0.48 for Krä uchi et al. (13) and the present study, respectively]. Although a causal link between these variables cannot be supported by these correla- Relationships are illustrated for each subject both before (Pretolerant) and after (Tolerant) temazepam tolerance. SOL, sleep onset latency; T ft , foot temperature; T c , core temperature; MROD, maximum rate of decline.
tions, the robustness of this relationship is striking and is worthy of further research. Therefore, although it is well established that changes in sleep-state affect thermoregulation (e.g., Ref. 18) , it may be that changes in thermoregulation equally affect mechanisms governing sleep.
Although it has been suggested that heat loss, rather than a decrease in core temperature, may be the important factor involved in the initiation of sleepiness (13, 16) , these findings have been based on studies measuring the magnitude of core temperature decline. As documented previously, for daytime temazepam as well as melatonin administration (8), it was the maximum rate of decline in core temperature and not the magnitude that was the better correlate of sleep propensity. Similar results were found in the present study, with a significant (P Ͻ 0.05) correlation of Ϫ0.44 observed between SOL and the maximal rate of decline in core temperature across both experimental conditions. Moreover, stronger mean intraindividual correlations of Ϫ0.57 Ϯ 0.11 and Ϫ0.55 Ϯ 0.08 (for pre-and posttolerance conditions, respectively) were obtained between SOL and the maximal rate of decline in core temperature compared with Ϫ0.25 Ϯ 0.11 and Ϫ0.22 Ϯ 0.10 for SOL and the magnitude of core temperature decline. Interestingly, Krä uchi and colleagues (13) also reported a similar correlation between the magnitude of core temperature decline and maximum sleep propensity with a correlation of 0.26. It is possible that, because the core is well insulated, the lower correlation observed between SOL and core temperature magnitude reflects the relatively long lag-time between the initiation of core temperature changes and the measurement of these changes.
The possibility that these findings are simply the result of a change in posture is reasonable, because it has been demonstrated that the cardiovascular changes associated with lying down results in the redistribution of heat from the core to the periphery (14) and that this is accompanied by an increase in sleep propensity. However, in the present study, subjects remained supine for the duration of the experimental protocol and only sat semirecumbent for the lunch meal. Alternatively, as has been speculated by previous researchers (9, 13), the physiological signal for the series of thermoregulatory events leading to heat loss, hypothermia, and sleepiness may be the anticipation of sleep itself. In the present study, however, sleep would also have been anticipated during the MSLTs in the placebo condition, yet the "thermoregulatory cascade" did not follow.
Changes in foot temperatures were significantly associated with changes in core body temperature (Fig.  4) . As peripheral heat loss is the principal mechanism determining the hypothermic effects of other soporific agents such as melatonin (2, 12) , it is possible that a similar thermoregulatory pathway exists for temazepam. Indeed, there was a significant intraindividual relationship between heat loss and hypothermia with individual decreases in core temperature being closely associated with increases in foot temperatures. Interestingly, for both pre-and posttolerant groups, this relationship was only significant for the first 3 h after temazepam administration, with correlations of Ϫ0.58 Ϯ 0.08 and Ϫ0.48 Ϯ 0.08. When all 6 h after drug administration were analyzed, the average correlation within each subject was not as strong, with values of 0.20 Ϯ 0.12 and 0.20 Ϯ 0.13 (for pre-and posttolerant conditions, respectively). It is possible that the reduced strength of the relationship between heat loss and hypothermia after 1700 indicates that heat loss was no longer driving the changes in core temperature.
As changes in core temperature reflect changes in heat production as well as heat loss, the role that heat production played in the thermoregulatory and soporific effects of temazepam was also examined. As with previous studies (8, 14, 15) , heart rate, an indirect, noninvasive measure of heat production, was used. In the pretolerant condition, the gradual increase in heart rate across the afternoon was equivalent to the placebo condition. Although temazepam has been shown to increase heart rate at doses ranging from 5 to 30 mg (7, 17) , it is notable that, in this study as well as a previous study in our laboratory (8) , acute temazepam administration did not appear to have significant cardiac effects. However, this discrepancy may reflect different experimental protocols used.
Although heart rate was not significantly altered after temazepam tolerance, heart rate was elevated above placebo in the tolerant condition by an average of 6 beats/min from 1600 to 1800 (Fig. 6) . As the variance in this condition was relatively high, it is possible that there was insufficient power in the present study to detect cardiac changes of this magnitude. Nevertheless, this tolerance-related increase in heart rate is notable because it is in the opposite direction to the changes observed in all the other measured variables. The heart is controlled centrally via both parasympathetic and sympathetic inputs, whereas the vessels regulating skin blood flow are predominantly controlled by the sympathetic nervous system. Therefore, it is possible that temazepam may differentially affect these two branches of the autonomic nervous system in temazepam-tolerant subjects. Alternatively, temazepam may act peripherally to induce heat loss while acting centrally to mediate heat production.
Regardless of the mechanism, the robustness of the associations between sleep propensity and thermoregulatory variables such as peripheral heat loss and hypothermia over such a wide array of experimental manipulations is remarkable and indicates the possibility of underlying physiological processes. Nevertheless, more research needs to be performed before a more comprehensive understanding of this relationship is reached. In addition, future studies should look toward a better understanding of possible mechanisms of action and/or sites where hypnotic/soporifics could influence both thermoregulation and sleep propensity. In this way, through gaining a better understanding of the physiological processes underlying sleep, more ap-propriate treatment of sleep disorders may be achieved.
Perspectives
Previous research has focussed on the possible role that thermoregulation (in particular distal vasodilation) plays in normal nocturnal sleep onset and in the soporific effects of melatonin and certain sleeping pills. The present study extends this body of research by demonstrating that thermoregulatory changes may also be linked to the soporific attenuation associated with the development of tolerance in the sleeping pill temazepam. As such, the results highlight the physiological effects associated with the chronic use of one of the most commonly prescribed sleeping pills. As chronic temazepam use is extremely common in the elderly, it would be useful to determine if similar physiological processes (observed here in young subjects) also occur in this older group of individuals. Moreover, if thermoregulatory variables such as heat loss do in fact mediate temazepam-induced sleepiness in the elderly, then the use of classical benzodiazepines as treatment for age-related sleep onset insomnias could be replaced by nonaddictive therapies that manipulate the thermoregulatory system directly.
